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[1] Measurements from the SHADOZ ozonesonde
network and Aura MLS are used to show that there are
seasonal cycles in ozone (O3) and carbon monoxide (CO)
at the tropical tropopause (�17 km). A simple model,
driven by cloud free radiative mass fluxes, is used to
investigate the origin of these seasonal cycles. The
seasonal cycle in O3 is due to seasonal changes in
upwelling and high altitude convective outflow. The
seasonal cycle in CO at 100 hPa is influenced by both
seasonal changes in dynamics and seasonal changes in
CO at lower altitudes. The age of air at 17 km varies
from 40 days during NH winter to 70 days during NH
summer. The seasonal cycle in clear sky radiative heating
at the tropical tropopause is mainly due to seasonal cycles
in O3 and temperature. The seasonal cycle in O3 can be
expected to amplify the seasonal cycle in cold point
temperature. Citation: Folkins, I., P. Bernath, C. Boone,

G. Lesins, N. Livesey, A. M. Thompson, K. Walker, and J. C.

Witte (2006), Seasonal cycles of O3, CO, and convective

outflow at the tropical tropopause, Geophys. Res. Lett., 33,

L16802, doi:10.1029/2006GL026602.

1. Introduction

[2] In the tropics, very high clouds with cloud top
temperatures less than 200 K are observed more frequently
during Northern Hemisphere (NH) winter than summer
[Zhang, 1993]. One would expect an increased incidence
of very high clouds to be associated with an increased
incidence of high altitude convective outflow. A seasonal
cycle in convective outflow should give rise to seasonal
cycles in convectively influenced trace gas species. There is
a significant seasonal cycle in ozone (O3) at the tropical
tropopause, both in the tropical mean [Randel et al., 2006],
as well as at individual locations [Logan, 1999; Thompson
et al., 2003b]. Here, we show that there is also a seasonal
cycle in carbon monoxide (CO) at the tropical tropopause
(�17 km), and that the seasonal cycles of O3 and CO can be
approximately reproduced with a simple two column model.

We also obtain an estimate for the seasonal variation of age
of air at 17 km.

2. Seasonal Variation of Convective Outflow

[3] Figure 1 (right) shows the vertical variation of trop-
ical mean clear sky radiative mass flux between 14.5 and
17.2 km, for the months of February, May, August, and
November. The clear sky radiative mass flux wr can be
expressed as wr = �Qr/s, where Qr is the clear sky radiative
heating rate and s is the static stability. Monthly mean
estimates of Qr were calculated using a radiative transfer
model [Fu and Liou, 1992]. This was done at 10 ozone-
sonde stations from the SHADOZ network (Southern
Hemisphere Additional Ozonesonde ozonesonde stations
[Thompson et al., 2003a, 2003b]), and 12 radiosonde
stations from the SPARC network (Stratospheric Processes
and their Role in Climate). Each station was between 20�S
and 20�N. The relative humidity at each site was specified
from sonde measurements below 10 km, by a tropical mean
aircraft climatology between 12.5 and 16 km [Folkins and
Martin, 2005], and interpolated between 10 and 12.5 km.
Above 17 km, the water vapor mixing ratio was specified by
a zonal mean monthly climatology from the Halogen
Occultation Experiment (HALOE) instrument [Grooss and
Russell, 2005]. At the SPARC sites, the O3 profiles were set
equal to the O3 profile of the SHADOZ site with the nearest
latitude, or a monthly mean O3 profile from Hilo (available
from the World Ozone and Ultraviolet Radiation Data
Centre, www.woudc.org). To generate the tropical mean
wr profiles shown in Figure 1, the wr profiles of the various
stations were grouped into 10 degree intervals, and aver-
aged together.
[4] We will assume that the tropics can be usefully

divided into a clear sky column and a cloudy column. To
the extent that mass exchange with the extratropics can be
neglected [Folkins and Martin, 2005], the net rate at which
air flows inward or outward from the cloudy column (dc)
must be balanced by a radiative mass flux divergence (dr) of
the clear sky column. If wr and wc refer to the tropical mean
mass fluxes of the clear sky and cloudy columns, then

dc þ dr ¼
@wc

@p
þ @wr

@p
¼ 0: ð1Þ

This equation can be used to calculate the cloud divergence
(dc) from the tropical mean wr profile. The cloud divergence
is the sum of two processes: detrainment of cloudy air into
the clear sky column and entrainment of clear sky air into
the cloudy column. In the upper troposphere, it is likely
that detrainment (d) dominates entrainment, in which case
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